We have used gene disruption to isolate two talin ( Ϫ / Ϫ ) ES cell mutants that contain no intact talin. The undifferentiated cells ( a ) were unable to spread on gelatin or laminin and grew as rounded colonies, although they were able to spread on fibronectin ( b ) showed reduced adhesion to laminin, but not fibronectin ( c ) expressed much reduced levels of ␤ 1 integrin, although levels of ␣ 5 and ␣ V were wild-type ( d ) were less polarized with increased membrane protrusions compared with a vinculin ( Ϫ / Ϫ ) ES cell mutant ( e ) were unable to assemble vinculin or paxillin-containing focal adhesions or actin stress fibers on fibronectin, whereas vinculin ( Ϫ / Ϫ ) ES cells were able to assemble talincontaining focal adhesions. Both talin ( Ϫ / Ϫ ) ES cell mutants formed embryoid bodies, but differentiation was restricted to two morphologically distinct cell types. Interestingly, these differentiated talin ( Ϫ / Ϫ ) ES cells were able to spread and form focal adhesion-like structures containing vinculin and paxillin on fibronectin. Moreover, the levels of the ␤ 1 integrin subunit were comparable to those in wild-type ES cells. We conclude that talin is essential for ␤ 1 integrin expression and focal adhesion assembly in undifferentiated ES cells, but that a subset of differentiated cells are talin independent for both characteristics.
T he interaction between animal cells and the adhesive glycoproteins of the extracellular matrix is mediated by the integrin family of cell adhesion molecules, the cytoplasmic domains of which are thought to be linked in many, but not all cases, to the actin cytoskeleton (Burridge et al., 1996) . Proteins that have been suggested to participate in this link include talin, vinculin and ␣ -actinin which colocalize with integrins in the specialized cell-matrix junctions or focal adhesions formed when cultured cells are grown on rigid supports. Initial in vitro biochemical studies based on equilibrium gel filtration indicated that talin can bind directly to integrins (Horwitz et al., 1986) , and a putative talin-binding site in the cytoplasmic region of the ␤ 1-integrin subunit has been identified based on peptide inhibition experiments (Tapley et al., 1989) . In a more recent study, purified ␣ IIb ␤ 3 integrin was shown to bind to talin deposited on plastic, and a monoclonal antibody raised against the cytoplasmic domain of the ␤ 3 subunit blocked binding (Knezevic et al., 1996) . Talin was also found to bind to synthetic peptides corresponding to the cytoplasmic domain of the ␤ 3 subunit, but it also bound to an ␣ IIb cytoplasmic domain peptide suggesting that integrin ␣ -subunits might also participate in the interaction. In addition, talin (but also filamin) has been shown to bind to recombinant polypeptides containing the ␤ 1A cytoplasmic domain (Pfaff et al., 1998) . Since talin is an actin-binding protein (Muguruma et al., 1992; Niggli et al., 1994; Hemmings et al., 1996; McCann and Craig, 1997) , it may provide a direct link between integrins and the actin cytoskeleton. However, talin also binds to vinculin (Burridge and Mangeat, 1984; Gilmore et al., 1992 Gilmore et al., , 1993 which has been shown to contain two F-actin binding sites (Huttelmaier et al., 1997) as well as a binding site for ␣ -actinin (McGregor et al., 1994) , a well-characterized actin bundling protein (Blanchard et al., 1989) . ␣ -Actinin has also been reported to bind directly to ␤ 1-integrin cytoplasmic domain peptides (Otey et al. 1990) . Such data have lead to a model of the focal adhesion in which integrins are linked to F-actin either directly via talin or ␣ -actinin, or indirectly via interac-tions between talin, vinculin and ␣ -actinin (Burridge et al., 1996) .
Evidence in support of this model has come from a variety of experimental approaches. Experiments with Caenorhabditis elegans mutants have clearly established that the localization of talin to focal adhesion-like structures requires a ␤ -integrin, but not vinculin (Moulder et al., 1996) . Similarly, studies with a chimeric molecule containing the extracellular domain of N-cadherin fused to the transmembrane and cytoplasmic domains of ␤ 1-integrin support the view that the ␤ 1-integrin cytoplasmic domain plays a key role in localizing talin specifically to cellmatrix rather than cell-cell junctions . Microinjection of antibodies to vinculin (Westmeyer et al., 1990) and talin (Nuckolls et al., 1992; Bolton et al., 1997) into fibroblasts disrupts actin stress fibers, as do proteolytic fragments of ␣ -actinin (Pavalko and Burridge, 1991) and recombinant talin polypeptides (Hemmings et al., 1996) , presumably via a dominant negative effect. Antisense mRNAs to vinculin (Rodriguez Fernandez et al., 1993) and talin (Albiges-Rizo et al., 1995) have been found to reduce cell adhesion and cell spreading of BALB/c 3T3 cells and Hela cells, respectively, and a mouse F9 teratocarcinoma cell line in which the vinculin gene has been disrupted showed altered adhesive characteristics Volberg et al., 1995) . However, the vinculin ( Ϫ / Ϫ ) F9 mutants retained the capacity to assemble talin-containing focal adhesions suggesting that vinculin is not an essential component of cell-matrix junctions, at least in this cell type. In an attempt to define further the role of talin in the adhesion of cells to the extracellular matrix, we have used gene replacement vectors to isolate mouse ES cells 1 in which both copies of the talin gene have been disrupted. The phenotypic properties of these cells are consistent with the hypothesis that talin plays a key role in cell-matrix interactions.
Materials and Methods

Isolation and Characterization of Mouse Talin and Vinculin Genomic Clones
A mouse talin cDNA spanning nucleotides 286-1,187 was generated by reverse transcription-PCR from mRNA purified from 4 ϫ 10 7 mouse NIH 3T3 cells using acid guanidinium thiocyanate and oligo(dT)-cellulose. The PCR primers contained BamHI sites, and the PCR product was subcloned into the BamHI site in pBluescript SK ϩ (Stratagene, La Jolla, CA), and authenticated by sequencing. The cDNA was labeled with [ 32 P]dCTP using the Quick Prime kit (Nycomed Amersham Inc., Princeton, NJ), and used to screen 1 ϫ 10 6 recombinants of a C129 mouse ES (E14) cell genomic library in 2001 (kindly provided by Dr. Andrew Smith, Centre for Genome Research, Edinburgh) plated onto Escherichia coli host strain Q358. Restriction enzyme mapping of clone 5T 2 with all combinations of BamHI, HindIII, SacI, and EcoRI, and Southern blotting using oligonucleotides based on 5 Ј talin cDNA sequence (nucleotides [nt] 163-206, 500-518, 940-957, and 1381-1398) , and end labeled using an ECL kit (Nycomed Amersham Inc.), suggested that clone 5T 2 contained the first two coding exons. Clone 5T 2 was mapped in more detail by subcloning a 1-kb SacI-HindIII fragment and a 1.7-kb BamHI fragment into pBluescript. These constructs were sequenced with pBluescript reverse and Ϫ 20 M13 primers, as well as with primers spanning nt 163-206, 287-271, and 294-314 of the mouse talin cDNA sequence (X56123). Comparison of the resulting genomic sequence with the cDNA sequence, and with consensus eukaryotic splice sites (Mount and Steitz, 1981) allowed definition of the boundaries of the first two coding exons. A mouse ES cell vinculin genomic clone containing exons 4-6 was isolated and characterized in a similar way.
Generation of Talin and Vinculin Gene Targeting Constructs
The talin genomic clone 5T 2 was digested with BamHI and a 2.4-kb fragment cloned into the BamHI site of plasmid pX53 (Ohno et al., 1994) in the opposite transcriptional orientation to the Neomycin (Neo) gene to give the vector pX53-5 Ј arm. A 6.2-kb HindIII fragment from 5T 2 was cloned into the HindIII site of pBluescript SK ϩ such that the ClaI site in the multiple cloning site was 5 Ј with respect to the genomic DNA fragment. This fragment was then excised from pBluescript using ClaI-NotI and cloned into the pX53-5 Ј arm vector digested with ClaI-NotI. A vinculin gene targeting vector was created by subcloning a 7.5-kb BamHI-XbaI genomic fragment containing exons 4-6 into the BamHI-XbaI sites in pBluescript. A BamHI-XhoI Neo cassette from the pX53 vector was then blunt ended into the unique MscI site in exon 5. Equivalent constructs of both the talin and vinculin gene targeting vectors were also made in which the Neo gene was replaced with the Hygromycin (Hyg) gene. Plasmid DNA was prepared using maxiprep columns (QIAGEN Inc., Chatsworth, CA) and all constructs were linearized with NotI.
ES Cell Culture
Mouse ES cell clone HM1 (a generous gift of Dr. David Melton, University of Edinburgh) was cultured (37 Њ C in 5% CO 2 in air) on tissue culture plates coated with 0.1% gelatin in Dulbecco's modified Eagle's medium/ Ham's F12 nutrient mix (GIBCO BRL, Gaithersburg, MD) containing 0.1% NaHCO 3 , ␤ -mercaptoethanol (0.001%), antibiotics/mycotics/kanamycin (GIBCO BRL), 15% batch-tested fetal calf serum, and sufficient leukemia inhibitory factor (LIF) to suppress differentiation. LIF was prepared by transiently expressing a plasmid containing a LIF cDNA construct (pXMT2) in monkey COS cells, and harvesting the culture medium. The ability of each LIF preparation to suppress ES cell differentiation was tested before use.
Electroporation of ES Cells with Targeting Constructs and Selection of Homologous Recombinants
Exponentially growing HM1 ES cells (1 ϫ 10 8 ) were trypsinized, washed 2 ϫ with cold Hepes-buffered saline (2.5 mM Hepes buffer, pH 7.1, 0.75 mM Na 2 HPO 4 , 140 mM NaCl), and resuspended in 3.5 ml of Hepes-buffered saline on ice. The linearized (Not1) talin targeting construct (100 g) containing the Neo selection marker was added in 0.5 ml Hepes-buffered saline, and 0.8-ml aliquots incubated in electroporation cuvettes for 10 min on ice. The cells were resuspended, then electroporated (240 volts, 500 F) using a gene pulser (Bio-Rad Laboratories, Hercules, CA). The cells were kept for 10 min at room temperature, then resuspended in 200 ml of culture medium and distributed in 20 ϫ 9-cm gelatin-coated dishes. After 24 h, the medium was changed and G418 (100 g/ml) and 0.2 M gancyclovir added. The medium was changed daily until surviving colonies were visible ( ‫ف‬ 10 d), and these were then picked using a Gilson micropipette into 96-well microtiter plates coated with gelatin, and dispersed by pipetting. When confluent, cells were trypsinized to produce two replica plates. Genomic DNA was prepared from one plate and digested with EcoRI using an "in well" procedure (Ramirez-Solis et al., 1992) , before screening for homologous recombinants by Southern blotting. The second plate was stored at Ϫ 70 Њ C using 10% dimethyl sulfoxide as a cryoprotectant. Clones heterozygous at the talin locus were taken through a second round of electroporation using a targeting construct containing the Hyg selection marker to inactivate the remaining talin allele. Essentially identical methods were used to target the vinculin gene in ES cells, except that the construct used lacked the thymidine kinase gene (TK) negative selection marker, and therefore gancyclovir was not added to the culture medium.
Western Blotting
Confluent dishes (9 cm) of ES cells were washed twice with PBS, the cells scraped into 0.5 ml lysis buffer (2% SDS in 75 mM Tris-HCl, pH 6.8, con-1. Abbreviations used in this paper : ANOVA, analysis of variance; ES cell, embryonic stem cell; Hyg, hygromycin; LIF, Leukemia inhibitory factor; Neo, neomycin; nt, nucleotides; TK, thymidine kinase. taining 10% glycerol, and 0.1 mM PMSF) and the sample heated at 100 Њ C for 10 min. Aliquots of cell lysate containing equivalent amounts of protein were subjected to SDS-PAGE (7% gels) and the proteins electroblotted to Hybond C membranes using a semi-dry blot apparatus (Bio-Rad Laboratories). Excess protein binding sites were blocked by incubation in 5% dried milk in Tris-buffered saline, pH 7.4. Talin was detected using a mouse monoclonal antibody TD77 raised against human platelet talin (Bolton et al., 1997) and diluted 1:10,000 in blocking buffer. Vinculin was detected using the mouse monoclonal antibody F9 diluted 1:400 (a generous gift from Dr. V. Koteliansky, CNRS Ecole Normal Superieure, Paris). Antibodies to paxillin and the ␤ 3 integrin subunit were purchased from Transduction Laboratories (Lexington, KY) and antibodies to ␤ 1, ␣ V, and ␣ 5 integrin subunits were purchased from Chemicon (Harrow, London, UK). An antibody to mouse pp125FAK was prepared by immunizing rabbits with a recombinant polypeptide derived from the COOH-terminal region of the protein. A rabbit polyclonal antibody raised against human platelet VASP was a generous gift from Dr. M. Reinhard (Medizinische Universitatsklinik, Wurzburg, Germany). Bound primary antibody was detected by adding anti-mouse or anti-rabbit antibodies coupled to HRP (1:3,500) in conjunction with an ECL kit (Nycomed Amersham Inc.).
Adhesion Assay
96-well Nunc-Immunoplates (MaxiSorp 439454A) were coated with either 25-50 g /ml laminin or fibronectin (Sigma Chemical Co., St. Louis, MO) overnight at 4 Њ C, and the wells washed three times with PBS. Excess protein-binding sites were blocked with 2% BSA (2 h at room temperature), and the wells washed with PBS. ES cells were trypsinized, the trypsin neutralized by addition of complete medium, and cells suspended (8 ϫ 10 5 / ml) in serum-free medium. 100 l of cell suspension was added to each well and the cells allowed to attach for 60 min at 37 Њ C. Nonadherent cells were removed by washing 3 ϫ with PBS, and the attached cells were fixed with 10% formaldehyde (30 min) and stained with 1% toluidene blue for 60 min. The plates were washed extensively with water, air dried and the dye extracted with 2% SDS and the absorbance read at 630 nm using a microtiter plate reader. The assays were carried out in triplicate, and each experiment was repeated three times.
Immunofluorescence
ES cells cultured on glass coverslips coated with bovine fibronectin (50 g/ml) for 24-48 h, were washed with PBS and fixed in 3.8% formaldehyde in PBS for 10 min at room temperature. Fixed cells were permeabilized with 0.2% Triton X-100 in PBS for 30 s, and incubated with 1% BSA in PBS for 1 h before staining for either talin or vinculin using mouse monoclonal antibodies TD77 and F9 respectively (1:50), and a Texas redlabeled anti-mouse Ig (Nycomed Amersham Inc.), all diluted in 0.2% BSA in PBS. Cells were counterstained for F-actin using FITC phalloidin (Sigma Chemical Co.) as per manufacturer's instructions.
Time-lapse Recording and Analysis of ES Cell Behavior Using Interference Microscopy
The phenotype of isolated, undifferentiated, ES cells cultured on fibronectin-coated coverslips was analyzed using the DRIMAPS method of interference microscopy for recording cell behavior (Dunn et al., 1997) . This system produces digital images in which the intensity at each point is directly proportional to the mass of nonaqueous cellular material in the light path. Time-lapse recordings of wild-type cultures and of the two mutant types were made over 20-h periods at a lapse interval of 1 min. Individual cells in each sequence of images were next identified by tracking the cells with a mouse-operated cursor during playback of the sequence. Computer processing then yielded for each cell in each frame, its dry mass, its spread area, the coordinates of its mass centroid (center of gravity) and two parameters, elongation and dispersion, describing cell shape (Dunn and Brown, 1986) . Comparison of consecutive frames yielded further parameters describing the protrusion and retraction of the cell margin. Protrusion is defined as the region of the substratum newly covered by the cell during the frame interval whereas retraction is the region from which the cell withdraws during the interval. The areas, positions of the area centroid and changes in dry mass of these regions were measured. For analysis of variance (ANOVA), data from each cell were partitioned into 1-h runs, discarding any remainder, and mean values of parameters were then calculated for each run. These means were then nested according to cells, cultures and genotypes and the significances of any differences between the genotypes were assessed using a nested ANOVA which prevents false significances arising due to differences between cells or between cultures (Dunn et al., 1997) . Spectral analysis of rapid variations in protrusion and retraction was performed using the Time Series Pack issued as a supplement to the MathematicaR package. Covariances were obtained from runs of data up to a lag of 50 min. Then the covariances for all runs of one genotype were pooled by weighting according to run length and the smoothed power spectrum was obtained using the Tukey-Hanning lag window of width 50 (Dunn et al., 1997) . Recordings from 16 wildtype cultures, 9 cultures of the talin ( Ϫ / Ϫ ) A28 mutant cells and 10 cultures of the vinculin ( Ϫ / Ϫ ) D7 mutant cells were analyzed. A total of 1,005 isolated cells were tracked and these yielded 3848 one hour runs.
ES Cell Differentiation
24-well tissue culture plates were coated with of 0.1% poly(2-hydroxyethylmethacrylate) (ICN) in 95% ethanol, and air dried at 37 Њ C. 5 ϫ 10 4 ES cells in 1 ml of complete medium plus LIF were added per well, and the following day, a further 1 ml of medium minus LIF was added to each well. On day three most of the medium was carefully aspirated from the wells while tilting the plate to allow the embryoid bodies to sink to the front of the well and fresh medium (1 ml) minus LIF was added to each well. On alternate days, the cells were either fed by addition of 1 ml of fresh medium (minus LIF) or the medium was replaced.
Results
The Use of Neo and Hyg Replacement Vectors to Target Both Copies of the Talin Gene in Mouse ES Cells
A mouse talin genomic clone (5T 2) was analyzed by restriction enzyme digestion and Southern blotting using oligonucleotide probes from the 5 Ј end of the talin cDNA. Sequencing of genomic fragments hybridizing to these probes allowed the boundaries of the first two coding exons to be identified ( Fig. 1 A ) . The first coding exon is 163 bp long and contains 127 bp of coding sequence. Codon 44 is split by an intron between coding exons 1 and 2. The second coding exon contains 97 bp ending at codon 76. A 2.4-kb BamHI fragment containing the 5 Ј end of the first coding exon and a 6.2-kb HindIII fragment containing the 3 Ј end of the second coding exon were cloned either side of the Neo gene in the vector pX53, which also contains a TK negative selection marker ( Fig. 1 B) . Homologous recombination of this construct with the talin gene should lead to deletion of codons 37-66 and the fusion of the Neo gene with the residual parts of coding exons 1 and 2.
The construct was linearized with NotI and electroporated into 1 ϫ 10 8 ES cells (clone HM1). G418 was used to select for cells containing the plasmid, and gancyclovir was used to select against cells in which the construct had integrated randomly. Resistant colonies were transferred to four 96-well microtiter plates. The cells were then grown to confluence, replica plated, and genomic DNA from one set was analyzed by Southern blotting. The wild-type talin gene gives rise to a 13.8-kb EcoRI fragment that is detected by the probe indicated, whereas the Neo targeted allele gives rise to a novel 7.6-kb fragment due the presence of an EcoRI site within the Neo gene (Fig. 1, C and D) . The result for one clone (C39) which is heterozygous at the talin locus is shown in Fig. 1 E. Gancylcovir lead to a twofold enrichment in homologous recombinants, and the talin gene was targeted in ‫1ف‬ in 3 of the G418/gancyclovirresistant clones. To inactivate the second talin allele, an equivalent targeting vector was constructed in which the Neo gene was replaced by a Hyg selection marker. This was electroporated into the talin (ϩ/Ϫ) ES cell clone C39, and EcoRI digests of genomic DNA from 384 hygromycin resistant clones screened for targeting of the second allele. The targeted allele should give rise to a novel 6.8-kb fragment, with corresponding loss of the remaining wild-type 13.8-kb fragment (Fig. 1, C and D) . Only 1 clone (A28) was obtained which displayed this genotype (Fig. 1 E) . This may be because the talin null cells adhere only weakly to gelatin-coated plates (see Fig. 3 ), and are lost during the selection procedures. The talin (ϩ/Ϫ) ES cell clone C39 was used in a second experiment with the Hyg targeting vector, and an additional clone (J26) in which both talin alleles had been disrupted was isolated (Fig. 1 E) .
Western Blot Analysis of ES Cell Talin Mutants
The expression of talin in these various ES cell clones, grown in the presence of LIF to suppress differentiation, was analyzed by Western blotting using a monoclonal antibody (TD77) raised against human platelet talin. This antibody, which recognizes an epitope at the extreme COOHterminal region (residues 2464-2541) of talin (Bolton et al., 1997) , detected a single talin polypeptide in the wildtype ES cells. The talin (ϩ/Ϫ) ES cell clone C39 showed a significant reduction in talin immunoreactivity. However, these cells expressed two talin polypeptides, one which comigrated with the wild-type protein, the other migrating . The clone C39.S2 which is (ϩ/Ϫ) at the talin locus was isolated during attempts to inactivate the second allele with the Hyg targeting vector, and is a useful control for any phenotypic changes which might arise during Hyg selection. E, EcoRI; H, HindIII; B, BamHI; S, SacI. Figure 2 . Western blot analysis of talin ES cell mutants. (A) 100 g of total cellular protein from wild-type ES cells (HM1) and talin ES cell mutants, C39 (ϩ/Ϫ) and A28 (Ϫ/Ϫ) was Western blotted onto Hybond C and probed for talin, vinculin, ␣-actinin, paxillin, pp125 focal adhesion kinase (FAK), ␤1 integrin, ␣5 integrin, and ␣V integrin. The panel labeled Talin* is a long exposure of a blot probed for talin. The ␤1, ␣V, and ␣5 integrin subunits were detected in nonreducing gels. (B) A second Western blot with similar amounts of total cellular protein from the above cell lines plus a second talin (Ϫ/Ϫ) ES line (J26), confirms that the reduction in ␤1 integrin levels is characteristic of talin (Ϫ/Ϫ) ES cell lines.
with slightly increased mobility (Fig. 2, A and B) . The talin (Ϫ/Ϫ) ES cell mutants A28 and J26 showed almost complete loss of talin immunoreactivity (Fig. 2, A and B) , although prolonged exposure of the blots showed that clone A28 (Fig. 2 A) and J26 (data not shown) expressed very low levels of a truncated talin polypeptide that comigrated with the truncated talin polypeptide expressed in the (ϩ/Ϫ) C39 ES cell line. The results clearly establish that both the talin (Ϫ/Ϫ) A28 and J26 ES cell mutants express no intact talin. The levels of two other cytoskeletal proteins associated with the cytoplasmic face of focal adhesions, vinculin and ␣-actinin, were also somewhat reduced in the talin (Ϫ/Ϫ) A28 mutant, although the levels of paxillin and pp125FAK were similar to those in wild-type cells (Fig. 2 A) . There was also a dramatic reduction in the levels of the ␤1 integrin subunit in both the talin (Ϫ/Ϫ) ES cell mutants (Fig.  2, A and B) whereas the levels of both ␣5 and ␣V integrin subunits were comparable to those in wild-type ES cells. The results show that loss of talin is associated with a reduction in the levels of a number of other focal adhesion proteins, most notably the ␤1 integrin subunit.
Morphology of the Undifferentiated Talin (Ϫ/Ϫ) ES Cell Mutants
Undifferentiated wild-type ES cells and the two talin (Ϫ/Ϫ) ES cell mutants were trypsinized and plated onto gelatincoated tissue culture plates in the presence of LIF, and their morphology inspected after 4 or 48 h by phase contrast microscopy. After 4 h, many of the wild-type cells had begun to spread, whereas both of the talin (Ϫ/Ϫ) ES cell mutants remained rounded with evidence of extensive surface protrusions (Fig. 3 A) . After 48 h, the wild-type ES cells formed large colonies in which the cells were well spread. In contrast, both the talin (Ϫ/Ϫ) ES cell mutants formed rounded colonies that were only loosely attached to the substrate, and contained very few spread cells. A notable feature of both talin (Ϫ/Ϫ) ES cell mutants was the higher frequency of macropinocytic vesicles compared with wild-type cells (Fig. 3 A) . Whereas the talin (Ϫ/Ϫ) ES cell mutants also showed surface protrusions and macropinocytic vesicles when plated on fibronectin, they were able to spread, although spreading occurred more slowly, and was somewhat less extensive than the wild-type ES cells (Fig. 3 B) . The morphology of the talin (Ϫ/Ϫ) ES cell mutants plated on laminin was similar to that on gelatin with a marked reduction in cell spreading compared with wildtype ES cells (data not shown).
Talin (Ϫ/Ϫ) ES Cell Mutants Show Reduced Adhesion to Laminin but Not Fibronectin
The ability of wild-type ES cells, and the various talin ES cell mutants to adhere to fibronectin and laminin is shown in Fig. 4 . Wild-type ES cells adhered to both fibronectin and laminin to about the same degree over a 1-h period, whereas adhesion to gelatin or collagen was very low (OD 630 Ͻ 0.1). Adhesion was abolished in the presence of 10 mM EDTA demonstrating a requirement for divalent cations, a characteristic of integrin-mediated adhesion. Although both talin (Ϫ/Ϫ) ES cell mutants expressed much reduced levels of ␤1 integrin (Fig. 2) , their adhesion to fibronectin was identical to that of wild-type ES cells. In contrast, they showed a significant reduction in adhesion to laminin. The reduced adhesion of the talin (Ϫ/Ϫ) ES cell mutants to laminin is consistent with the fact that they spread less well on laminin than fibronectin.
Undifferentiated Talin (Ϫ/Ϫ) ES Cell Mutants Fail to Form Focal Adhesions on Fibronectin
Undifferentiated wild-type ES cells (HM1) and the talin (Ϫ/Ϫ) A28 ES cell mutant grown in the presence of LIF were plated on coverslips coated with fibronectin and analyzed for their ability to form vinculin-containing focal adhesions and associated actin stress fibers after 48 h (Fig. 5) .
Wild-type ES cells adopted a well-spread morphology and assembled numerous actin stress fibers that terminated in focal adhesions that stained for talin, vinculin, and paxillin. In contrast, the talin (Ϫ/Ϫ) A28 ES cell mutant formed large rounded colonies with few if any spread cells. They failed to assemble any actin stress fibers, and actin staining was limited to the cell margins with diffuse cytoplasmic staining. There was no evidence of talin localized in focal adhesions, although the cells showed some diffuse staining for talin. Similarly, vinculin and paxillin staining was diffuse with only occasional punctate staining for vinculin at the margins of the cell aggregates. The results for the J26 talin (Ϫ/Ϫ) ES cell mutant were identical (data not shown). These findings establish that loss of talin compromises the ability of undifferentiated mouse ES cells to form focal adhesions and associated actin stress fibers on fibronectin, although talin is not required to support integrin-mediated adhesion to fibronectin.
Phenotypic Properties of the Vinculin (Ϫ/Ϫ) D7 ES Cell Mutant
We have used a similar strategy to generate ES cells in which both copies of the vinculin gene have been disrupted (Fig. 6, A and B) . The vinculin (Ϫ/Ϫ) D7 ES cell line expressed no intact vinculin (Fig. 6 C) , although low levels of a truncated vinculin polypeptide could be detected on prolonged exposure of the Western blots. However, the levels of three vinculin-binding proteins, talin, ␣-actinin, and VASP (Fig. 6 C) as well as ␤1-integrin (data not shown) were comparable to those in wild-type ES cells. The vinculin (Ϫ/Ϫ) D7 ES cell line showed a tendency to form rounded colonies when grown under standard culture conditions on gelatin-coated tissue culture dishes, although on fibronectin, their morphology was similar to that of wild-type ES cells. These results are similar to those with the talin (Ϫ/Ϫ) ES cell mutants that also formed rounded colonies on gelatin, but were able to spread on fibronectin.
To establish whether the vinculin (Ϫ/Ϫ) D7 ES cell mutant was able to form talin-containing focal adhesions, cells were plated on fibronectin-coated glass coverslips and stained for talin and F-actin. As expected, the wildtype ES cells formed prominent actin stress fibers that ter- minated in talin-containing focal adhesions (Fig. 6 E) . Interestingly, the vinculin (Ϫ/Ϫ) D7 ES cell mutant retained the capacity to assemble prominent actin stress fibers, but these were invariably localized towards the outer cell margins. Talin was localized at the ends of these actin filaments, although the talin-containing structures were more elongated than in wild-type ES cells. Essentially identical results were obtained with a second ES cell clone (DK022) that also expressed no intact vinculin (data not shown). The results establish that vinculin is not essential for the assembly of talin-containing focal adhesions and associated actin stress fibers in undifferentiated ES cells, although the D7 ES cell clone that lacks vinculin, has a somewhat different actin cytoarchitecture compared with wild-type ES cells.
Analysis of the Behavior of Talin and Vinculin ES Cell Mutants
Wild-type ES cells and the talin (Ϫ/Ϫ) A28 and vinculin (Ϫ/Ϫ) D7 ES cell mutants were plated on fibronectincoated coverslips and their behavior recorded over a period of 20 h using interference microscopy. The rate of increase in dry mass of individual cells served as a check on the viability of the cultures. All cultures grew at a mean rate of just over 5% h Ϫ1 with no significant differences due to genotype in an ANOVA test. Cell spreading and cell shape are all determined by the patterns of protrusion and retraction of the cell margin (Dunn et al., 1997) and, therefore, we examined these patterns directly. Fig. 7 , a-c shows a sample of protrusions (green) and retractions (red) for cells of the three genotypes during a 2-min interval. Compared with the wild-type ES cells (Fig. 7 a) , the talin (Ϫ/Ϫ) A28 ES cell mutants (Fig. 7 b) showed large bleb-like protrusions evenly interspersed with retractions around the cell periphery, whereas the vinculin (Ϫ/Ϫ) D7 ES cell mutant (Fig. 7 c) showed greater polarity, with the central cell displaying a large lamellar protrusion opposite an extensive retracting margin. Fig. 7 d is a summary of measurements of the mean polarity which we have previously defined as the distance in m separating the centroids of protrusion and retraction over a 5-min period (Dunn et al., 1997) . In this plot, the solid discs represent the median values and the distributions of the data are indicated by the rectangles that span 50% of data values, and the "bars" that span 80% of values. In ANOVA tests, the polarity of the talin (Ϫ/Ϫ) A28 ES cell mutant was significantly suppressed compared with wild-type ES cells (P Ͻ 0.05) whereas the polarity of the vinculin (Ϫ/Ϫ) D7 ES cell mutant was significantly increased (P Ͻ 0.01).
To quantify the rapid marginal blebbing observed in recordings of the talin (Ϫ/Ϫ) A28 ES cell mutant, we performed a spectral analysis of the variations in protrusion. Compared with other protrusions, blebs tend to have small areas but high mass density, and the parameter we eventually chose for detecting rapid blebbing was therefore the areal mass density of the protrusion regions measured in units of pg/m 2 . The power spectrum of variations in pro- trusion density for the three genotypes is shown in Fig. 7 e. A single strong peak in any of these three spectra would indicate a significant periodicity in the marginal activity of the corresponding cells. In fact there are several weak peaks in all three traces though their height in each case is only ‫%03-02ف‬ of the total height of the spectrum. These weak peaks indicate that there are multiple minor periodicities in the marginal activity at different frequencies, but the net result is much closer to a random sequence than to a periodic one. It is clear from the spectra that the power of this random marginal activity is about seven times greater in the talin (Ϫ/Ϫ) A28 ES cell mutant than in the wild-type ES cells, whereas the vinculin (Ϫ/Ϫ) D7 mutant showed only about half the power of the wild-type.
Talin (Ϫ/Ϫ) ES Cell Mutants Form Embryoid Bodies, but Extensive Morphological Differentiation Is Inhibited
Both wild-type ES cells and the talin (Ϫ/Ϫ) A28 ES cell mutant form embryoid bodies of a similar size and appearance when grown in the absence of LIF for 8 d (Fig. 8) . This is not unexpected as the process is dependent on cadherin-mediated cell-cell interactions (Larue et al., 1996) , and talin is specifically localized to integrin-containing cell-matrix junctions (Geiger et al., 1985) . When wild-type embryoid bodies were plated on gelatin-coated tissue culture dishes, cells spread out from the central cell mass as a continuous sheet over a period of 24-48 h (Fig. 8 A) , and formed an extensive cell monolayer within 5 d. In contrast, only a few cells had begun to spread out from the margins of the embryoid bodies formed by the talin (Ϫ/Ϫ) A28 ES cell mutants after 24 h, and those cells that did migrate over a 48-h period migrated as individual cells rather than as a continuous cell sheet (Fig. 8 A) . The leading edge of the migrating cells from the wild-type embryoid bodies always contained giant cells (Fig. 8 A, arrowheads) . These were never seen in the cells emerging from the talin (Ϫ/Ϫ) A28 embryoid bodies. After 7 d on gelatin, wild-type embryoid bodies gave rise to a variety of cell types with distinct morphologies, including beating cardiomyocytes and giant cells (Fig. 8 B, arrowheads) , as well as organized structures (Fig. 8 B, arrows) . In contrast, the talin (Ϫ/Ϫ) A28 embryoid bodies typically gave rise to only two morphologically distinct cell types, and no organized structures were observed (Fig. 8 B) . Essentially identical results were obtained with the talin (Ϫ/Ϫ) J26 ES cell mutant (data not shown). Deletion of ␤1-integrins in mouse F9 teratocarcinoma cells has also been reported to block morphological differentiation (Stephens et al., 1993) .
Differentiated Talin (Ϫ/Ϫ) ES Cell Mutants Can Form Focal Adhesion-like Structures and Express Normal Levels of ␤1 Integrin
Because the differentiated talin (Ϫ/Ϫ) A28 and J26 ES cells that migrate out of embryoid bodies are able to adopt a spread morphology on gelatin-coated dishes, we investigated whether these cells could form focal adhesions and actin stress fibers when plated on fibronectin. The differentiated cells derived from wild-type embryoid bodies showed a variety of morphologies, and the organization of the actin cytoarchitecture within these cells took on a variety of forms. However, in all cases there was prominent staining for talin, vinculin and paxillin at the ends of actin filaments (Fig. 9) . Interestingly, the differentiated talin (Ϫ/Ϫ) A28 cells also contained actin filaments, and in some cells, the ends of these filaments showed staining for vinculin and paxillin, but not talin. Identical results were obtained with the talin (Ϫ/Ϫ) J26 ES cell mutant (data not shown). Western blot analysis of both the differentiated talin (Ϫ/Ϫ) ES cell mutants showed that although these cells still expressed no intact talin, the levels of ␤1 integrin subunit as well as vinculin were comparable with those in differentiated wild-type ES cells (Fig. 10) . Therefore, it is apparent that differentiation of the talin (Ϫ/Ϫ) ES cell mutants in vitro generates cells in which neither ␤1 integrin subunit levels or the assembly of focal adhesions and associated actin filaments is dependent on talin.
Discussion
We have used gene disruption technology to isolate two talin (Ϫ/Ϫ) ES cell mutants (A28 and J26) that contain no intact talin, although both express low levels of a truncated talin polypeptide. The most notable features of the undifferentiated talin (Ϫ/Ϫ) ES cell mutants are extensive membrane blebbing, an accumulation of macropinocytic vesicles and an inability to spread on gelatin or laminin on which the cells grow as loosely attached colonies. Adhesion to laminin was significantly reduced, but adhesion to fibronectin was unaffected despite the fact that the cells showed a dramatic reduction in levels of the ␤1 integrin subunit. However, the talin (Ϫ/Ϫ) ES cell mutants were unable to assemble focal adhesions or associated actin stress fibers on fibronectin-coated coverslips, whereas a vinculin (Ϫ/Ϫ) mutant (D7) was able to do so. These results provide compelling evidence that talin plays a crucial role in the assembly of focal adhesions in undifferentiated ES cells. Interestingly, the talin (Ϫ/Ϫ) ES cell mutants were able to form apparently normal embryoid bodies, but when these were cultured on gelatin, cell migration from the central cell mass was much slower than wild-type, and differentiation was limited to just two morphologically distinct cell types. These expressed normal levels of ␤1 integrin, and were able to spread and assemble focal adhesion-like structures with associated actin filaments on fibronectin. These results raise the possibility that loss of talin restricts ES cell differentiation to a subset of cell types in which ␤1-integrin levels and focal adhesion assembly are talin independent. Figure 9 . Localization of talin, vinculin, paxillin, and F-actin in differentiated talin (Ϫ/Ϫ) ES cell mutants by immunofluoresence. Cells derived from the embryoid bodies formed by wildtype (ϩ/ϩ) ES cells (HM1) and the talin (Ϫ/Ϫ) A28 ES cell mutant were seeded onto fibronectin-coated glass coverslips. After 48 h, the cells were stained for talin and F-actin, vinculin and F-actin or paxillin and F-actin. Differentiated HM1 cells displayed a variety of morphologies, but all showed strong staining for talin, vinculin and paxillin in focal adhesions at the ends of actin filaments. The differentiated talin (Ϫ/Ϫ) ES cell mutants adopted a spread morphology with clear evidence of vinculin and paxillin-containing focal adhesion-like structures at the ends of actin filaments. However, the structures formed were less extensive than those seen in wild-type ES cells. Bar, 20 m. Figure 10 . Western blot analysis of differentiated ES cells. 100 g of total cellular protein from d8 embryoid bodies made from wild-type (HM1) ES cells or talin (Ϫ/Ϫ) mutant ES cells (A28 and J26) was resolved by SDS-PAGE, blotted onto Hybond C and probed for talin, vinculin, and ␤1 integrin.
The increase in membrane protrusions or blebs shown by the undifferentiated talin (Ϫ/Ϫ) ES cell mutants was observed in cells plated on both gelatin and fibronectin. Whether this reflects a failure of the cells to develop stable adhesions with the extracellular matrix, or is due to membrane instability per se remains to be established. Increased membrane blebbing activity has been noted in melanoma cells lacking the actin-binding protein ABP-280 (Cunningham et al., 1992) , and cleavage of the actin-binding proteins talin, ␣-actinin (Miyoshi et al., 1996) , and fodrin (Vanaga et al., 1996) has been implicated in membrane blebbing in apoptosis. Myosin light chain phosphorylation and activation of actomyosin contraction has also been shown to be involved in the membrane blebbing associated with apoptosis in PC12 cells (Mills et al., 1998) . The authors speculate that actomyosin contraction in cells that lack the structural proteins that normally couple cortical actin to the plasma membrane may lead to cytoplasmic extrusion and membrane blebbing. Despite the much increased membrane blebbing activity displayed by the talin (Ϫ/Ϫ) ES cell mutants, there was no evidence of an increase in apoptosis, and they showed no obvious difference in growth rate compared with wild-type ES cells (data not shown).
The fact that the undifferentiated talin (Ϫ/Ϫ) ES cell mutants grew as poorly spread colonies on gelatin-and laminin-coated substrates, and showed reduced adhesion to laminin, is probably linked to the dramatic reduction in ␤1 integrin subunit expression, although we have not analyzed the levels of ␤1 integrins on the cell surface. Laminin receptors are all members of the ␤1 integrin family (Newham and Humphries, 1996) , and reduced adhesion of the talin (Ϫ/Ϫ) ES cell mutants to laminin is not unexpected therefore. Why adhesion to fibronectin was not reduced is unclear as it has been reported that ES cells lacking the ␤1 integrin subunit fail to adhere to both laminin and fibronectin (Fassler et al., 1995) . ES cells express the ␣V integrin subunit (see Fig. 2 and Fassler et al., 1995) , and those used in this study also expressed a protein of 90 kD that reacted with an anti-␤3 integrin antibody (data not shown). ␣V␤3 can act as a receptor for fibronectin, and may compensate for the effects of any reduction in surface expression ␤1 integrins in the talin (Ϫ/Ϫ) ES cell mutants. However, others have failed to detect ␤3 integrin in ES cells, although ␤1 integrin (Ϫ/Ϫ) ES cell mutants were able to adhere to vitronectin (Fassler et al., 1995) . Although loss of talin did not affect adhesion of the undifferentiated talin (Ϫ/Ϫ) ES cell mutants to fibronectin, the rate of cell spreading was reduced, and the cells were completely unable to assemble vinculin or paxillin-containing focal adhesions or actin stress fibers. We conclude that talin plays a key role in the assembly of focal adhesions and the organization of the actin cytoarchitecture in undifferentiated ES cells. However, the fact that ␤1 integrin subunit levels were dramatically reduced in both talin (Ϫ/Ϫ) ES cell lines suggests that loss of talin may compromise focal adhesion assembly by more than one mechanism.
A number of observations suggest that talin is important in the early stages of cell adhesion and spreading including the formation of filopodia and lamellipodia. In Dictyostelium discoidum, talin accumulates at the tips of filopodia formed in response to cAMP (Kreitmeier et al., 1995) , and microscale chromophore-assisted laser inactivation of talin in neuronal growth cones results in temporary cessation of filopodial extensions (Sydor et al., 1996) . In chick embryo fibroblasts, talin is found in membrane ruffles as well as focal adhesions (Burridge and Connell, 1983; Bolton et al., 1997) , and it is recruited to nascent focal adhesions before vinculin (DePasquale and Izzard, 1991) . Moreover, microinjection of antibodies to talin disrupt focal adhesions (Nuckolls et al., 1992; Bolton et al., 1997) , and downregulation of talin expression in Hela cells slowed down the rate of cell spreading and lead to a reduction in the size of focal adhesions (Albiges-Rizo et al., 1995) .
Analysis of the sequence of mouse (Rees et al., 1990 ) and chicken (Hemmings et al., 1996) talin (2541 amino acids), and the biochemical properties of the protein shows that it has a number of features that make it highly suited to act as a key element in the assembly of focal adhesions. Talin is a dimeric elongated flexible protein Winkler et al., 1997 ) that binds ␤1-and ␤3-integrins (Horwitz et al., 1986; Tapley et al., 1989; Kenzevic et al., 1996; Pfaff et al., 1998) , vinculin (Burridge and Mangeat, 1984; Gilmore et al., 1992 Gilmore et al., , 1993 , and F-actin (Muguruma et al., 1992; Hemmings et al., 1996; McCann and Craig, 1997) , and is reported to possess actin nucleation (Niggli et al., 1994) and bundling activity (Zhang et al., 1996) . The NH 2 -terminal 433 residues of talin, which can be liberated as a 47-kD polypeptide by calpain II, contain sequences that target the protein specifically to cellmatrix junctions (Nuckolls et al., 1990) , and are capable of binding acidic phospholipids (Niggli et al., 1994) . Interestingly, residues 165-363 show homology with the ERM family of proteins that also act as linkers between the membrane and the actin cytoskeleton (Vaheri et al., 1997) . The 190-kD COOH-terminal talin polypeptide liberated by calpain II, which is composed of multiple ␣-helical alanine-rich repeats (McLachlan et al., 1994) , contains the dimerization site (Winkler et al., 1997) , three vinculinbinding sites (Gilmore et al., 1993) , and several actin-binding sites (Hemmings et al., 1996) including an actin nucleation site (Niggli et al., 1994) . Although the 190-kD talin polypeptide is reported to bind integrins (Horwitz et al., 1986) , the binding site has yet to be defined. However, the finding that differentiated talin (Ϫ/Ϫ) ES cell can form focal adhesion-like structures, and express normal levels of the ␤1 integrin subunit, suggests that talin is not required for focal adhesion assembly in all cell types, and that there are alternative pathways for the assembly of such structures. The actin-binding proteins ␣-actinin (Otey et al., 1990 (Otey et al., , 1993 and filamin (Pfaff et al., 1998) have been shown to bind to the cytoplasmic face of ␤1 integrins, and may provide a mechanism for linking integrins to F-actin.
We have yet to investigate the mechanisms involved in the downregulation of ␤1 integrins in talin (Ϫ/Ϫ) ES cells. However, our findings are reminiscent of those of AlbigesRizo et al. (1995) , who used an antisense RNA construct to downregulate talin in Hela cells. Cells in which talin levels were reduced by 38-60% showed loss of immunofluorescence staining for ␤1 integrins, although there was no reduction in ␤1 integrin mRNA levels. Surface labeling studies showed that both ␣5 and ␤1 integrin subunits appeared on the cell surface in an abnormal form, suggesting that there was a defect in integrin processing. Loss of talin might compromise integrin trafficking at several levels. A number of actin-binding proteins have recently been shown to be localized in the Golgi apparatus (reviewed in Stow et al., 1998) including myosin I which supports transport of vesicles along actin filaments towards the barbed membrane-attached end (Fath et al., 1994) . Although there is no evidence that talin is localized in the Golgi, the fact that loss of talin leads to a marked change in actin cytoarchitecture might result in the inhibition of vesicular transport of integrins via such a pathway. It is also conceivable that talin plays a more specific role in ␤1 integrin transport by binding transport vesicles containing integrins to actin filaments. The actin cytoskeleton and myosin I have also been implicated in endocytic pathways (Durrbach et al., 1996) , and loss of talin may also effect the endocytic pathways thought to be important in integrin recycling (Bretscher, 1996) . An alternative explanation for the down regulation of the ␤1 integrin subunit in the talin (Ϫ/Ϫ) ES cell mutants is suggested by recent evidence that poly(A) ϩ RNA and ribosomes are recruited to the focal adhesion complexes formed in response to binding of fibronectin-coated beads to the cell surface (Chicurel et al., 1998) . The authors speculate that certain mRNAs may be translated in focal adhesions. Whether the mRNA encoding ␤1 integrin falls into this category remains to be investigated, but were this the case, loss of talin and the consequent inability of undifferentiated ES cells to assemble such structures might reduce translation of the ␤1 integrin mRNA.
The origin of the truncated talin polypeptide expressed by both talin (Ϫ/Ϫ) ES cell mutants has not yet been established. The Neo gene (unlike the Hyg gene) was cloned into the targeting vector in the opposite transcriptional orientation to the talin gene. As a consequence, the Neo polyadenylation signal and translation stop codons would not be expected to halt transcription or translation from this allele. Translational initiation at an internal in frame methionine (codon 79) downstream of the Neo sequence would lead to a talin polypeptide lacking the first 78 amino acids and differing in apparent molecular mass by 8,708 D. Such a deletion is consistent with the size of the truncated talin polypeptide expressed by the talin ES (Ϫ/Ϫ) mutants. Alternatively, the targeted coding exons 1 and 2 could be spliced out of the primary transcript to give a novel talin mRNA lacking codons 1-76. Translation could be initiated internally at methionine codon 79 or at any number of in frame downstream AUG's, albeit with low efficiency. Interestingly, a mouse F9 teratocarcinoma vinculin (Ϫ/Ϫ) mutant, which was originally null for vinculin protein, was found to express a truncated vinculin polypeptide after a few passages in culture due to alternative splicing of the exon containing the Neo gene (Coll et al., 1997) . The possibility that such a truncated talin polypeptide might act as a dominant negative mutant seems unlikely as it is expressed at very low levels, and the talin (ϩ/Ϫ) ES cell mutants that also express this polypeptide are essentially indistinguishable from wild-type ES cells.
Interestingly, the undifferentiated vinculin (Ϫ/Ϫ) D7 null mutant was able to assemble talin-containing focal adhesions and stress fibers, although the morphology of the structures formed was distinctly different from those in wild-type ES cells. Others have previously reported that vinculin is not essential to focal adhesion assembly. A mouse F9 teratocarcinoma vinculin (Ϫ/Ϫ) mutant (Volberg et al., 1995) , as well as immortalized cells from vinculin (Ϫ/Ϫ) mouse embryos (Xu et al., 1998) were both able to assemble focal adhesions in the absence of vinculin, although microinjection of antibodies to vinculin disrupted focal adhesions in chick embryo fibroblasts (Westmeyer et al., 1990) , and antisense RNA downregulation of vinculin in BALB/c 3T3 cells reduced the number and size of focal adhesions (Rodriguez Fernandez et al., 1993) . The finding that vinculin, which can bind both talin (Gilmore et al., 1992) and F-actin (Huttelmaier et al., 1997) is not essential to focal adhesion assembly, and the fact that cells expressing little (Rodriguez Fernandez et al., 1992) or no vinculin are more motile, suggests a role in stabilising focal adhesions rather than in assembly. The prolinerich region in vinculin contains a binding site for VASP (Brindle et al., 1996) , a protein that can bind profilin (Reinhard et al., 1995) . Since profilin binds to G-actin and catalyses the exchange of ADP for ATP (Goldschmidt-Clermont et al., 1992) , it is possible that vinculin also facilitates talin-mediated actin nucleation by recruiting a VASP/profilin/G-actin/ATP complex. We anticipate that the ability to express both wild-type and mutant talin and vinculin polypeptides in the ES cell mutants described here should allow us to address these various possibilities.
